؉/؉ mice to this fungus. Upon intratracheal administration of conidia, survival and tumor necrosis factor alpha (TNF-␣), interleukin-12, and macrophage inhibitory protein-2 alpha concentrations in the airspaces of TLR2 ؊/؊ mice were significantly lower than those of TLR2 ؉/؉ animals. In vitro analysis of TNF-␣ production by conidia-challenged alveolar macrophages from TLR2 ؊/؊ revealed a significant deficiency in comparison with macrophages from TLR2 ؉/؉ mice. Infected TLR2 ؊/؊ mice also have a higher respiratory distress and a higher pathogen burden than TLR2 ؉/؉ mice. These data demonstrate that TLR2 plays a significant role in the defense of the host against A. fumigatus infection.
Aspergillus fumigatus is recognized as the most prevalent airborne fungal pathogen and causes severe and usually fatal invasive pulmonary aspergillosis (IPA) in immunocompromised hosts. IPA has become a leading cause of death, due to an increasing number of immunocompromised patients and an increase in the severity of immunosuppressive therapies. Classical risk factors are corticotherapy, cytotoxic chemotherapy, and transplantation accompanied by immunosuppressive therapy, and neutropenia remains the most important predisposing factor. Available data indicate that the major armaments of host defense against IPA belong to the innate immune system (for a review, see references 13, 18, 19, 30, and 33) , such as alveolar macrophages and recruited neutrophils (1, 32) .
These two cell types of leukocytes that constitute the first line of defense of the host are able to sense invading microorganisms through different types of receptors, especially through the newly described family of Toll-like receptors (TLR) (3, 16, 17, 40, 42) . Scrutiny of the human and mouse genomes has revealed the existence of not less than 10 different TLR. These receptors are involved in the recognition of various microbe-derived patterns of molecules. Early studies have focused on the role played by TLR2 and TLR4 and on their archetypal ligands, i.e., lipoproteins and lipoteichoic acid from gram-positive bacteria on the one hand and lipopolysaccharides from gram-negative bacteria on the other hand. To date, many other ligands have been identified for TLR2 and TLR4, as well as for TLR3, TLR5, TLR7, TLR8, and TLR9 (for a review, see references 3, 16, 17, 40, and 42) . All appear key receptors of the innate immune system as their activation initiates a signaling cascade leading to NF-B nuclear translocation and the induction of different proinflammatory genes (3, 16, 17, 40, 42) . Thus, TLR appear to be directly involved in the fight of infections. For instance, TLR2-deficient mice show higher susceptibility than wild-type mice to infection by the gram-positive bacteria Staphylococcus aureus (38) or Streptococcus pneumoniae (15) . More importantly, it has been reported that a mutation in the TLR2 gene may predispose human beings to life-threatening bacterial infections (23) .
Interestingly enough, in a pioneering work, Lemaitre et al. (21) reported that the Toll protein (after which the name TLR was coined) in Drosophila is implicated in the defense against A. fumigatus. The fact that Drosophila Toll protein is activated during fungal or gram-positive infections (22) led us to postulate that TLR2 along with gram-positive bacteria may sense A. fumigatus and as such may play a protective role in IPA. This hypothesis was supported by two early observations, i.e., (i) TLR2 is also activated by zymosan, a yeast cell wall component (41) , and (ii) there is a suspicion of an involvement of TLR2 in a model of chronic fungal asthma (4). Since then, several in vitro studies using cells from the myeloid lineage have shown that TLR2 is involved in the sensing of A. fumigatus (5, 24, 27, 28) . Taking advantage of mice genetically deficient in TLR2 (39) , the present study analyzes the role of TLR2 in IPA by specifically evaluating in vivo responses in detail and in vitro responses of alveolar macrophages. containing 50 g/ml tetracycline hydrochloride during 4 days before infection. Then, 6 h before infection and every 24 h thereafter, mice were administered by the subcutaneous route 0.25 mg enrofloxacin. Mice were cared for in accordance with Pasteur Institute guidelines in compliance with European animal welfare regulation. For intratracheal administration, antibiotic-treated mice were anesthetized by intramuscular administration of 1 mg ketamine and 0.2 mg xylazine and were placed supine. A catheter (diameter of 0.86 mm) was inserted into the trachea via the oropharynx. The proper insertion was verified by checking the formation of mist due to expiration on a mirror placed in front of the external end. A 50-l conidium suspension was laid down at the internal end of the catheter with a micropipette using a sterile disposable tip for gel loading that was introduced into the catheter. Mice were then immediately held upright in order to facilitate conidia inhalation and until normal breathing resumed. This protocol allowed highly reproducible infection of the whole lung (personal data).
Assessment of the basal respiratory function. Conscious mice were placed in a whole-body barometric plethysmographic chamber (Buxco Electronics, Sharon, CT) to analyze their basal respiratory capacity over time. The system measures both the magnitude and the slope of the chamber pressure. The basal respiratory capacity of each individual mouse was estimated by recording the enhanced pause pressure expressed as Penh according to the manufacturer's instructions and as previously reported (20) and which increase is an indicator of deterioration changes in airway mechanics.
Collection of BALF and measurement of immunoreactive TNF-␣, IL-12, and MIP-2␣ content. Mice were euthanized by the intraperitoneal administration of pentobarbital (12 mg/mouse). Tracheas were cannulated, and lungs were washed eight times with 0.5 ml PBS to provide 4 ml of bronchoalveolar lavage fluid (BALF). There were no significant differences in the total volume of PBS infused into the lungs or in the volume recovered after the lavage procedure among any experimental groups. Cell-free BALF obtained after centrifugation (300 ϫ g for 15 min) was used for tumor necrosis factor alpha (TNF-␣) measurement by an enzyme immunometric assay as previously described (31) . Interleukin-12 (IL-12) and macrophage inhibitory protein-2 alpha (MIP-2␣) were quantified by specific enzyme-linked immunosorbent assay kits from Biosource (Nivelles, Belgium) and R&D System Europe (Lille, France), respectively.
Determination of the in vitro TNF-␣ production by alveolar macrophages. BALF were collected from naive TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice and pooled by group. Collected cells were counted (Coulter Electronics, Margency, France) and centrifuged at 300 ϫ g for 15 min. Cells were resuspended at 10 6 /ml of RPMI 1640 supplemented with 10% FCS and 2 mM glutamine. Aliquots of 200 l were dispensed into 96-well tissue culture plates for a 1-h adhesion step at 37°C. Wells were then washed to remove nonadherent cells, and remaining adherent cells (ϳ2 ϫ 10 5 /well) were immediately incubated at 37°C with A. fumigatus conidia during 6 h at the microbe to cell ratio of 1:1. Culture supernatants were then assayed for TNF-␣ concentrations. It is of note that for the in vitro experiments with alveolar macrophages, swollen conidia were prepared by incubating 10 6 conidia/ml in RPMI 1640 supplemented with 10% FCS and 2 mM glutamine at 37°C for 2 h. The level of killing of resting conidia by alveolar macrophages in vitro after a 6-h incubation is very low, in the range of 6%. In contrast, swollen conidia are more sensitive to killing than resting conidia (29) . For that reason, the in vitro activation of alveolar macrophages by A. fumigatus was investigated using swollen conidia.
Histology. Lungs, kidneys, liver, brain, and spleen were collected at 24 and 48 h after intratracheal infection with 3 ϫ 10 6 conidia. Organs were fixed in 3.7% neutral-buffered formaldehyde, embedded in paraffin, and cut into 5-m-thick sections. Sections were then stained with hematoxylin-eosin stain for tissue examination and with methenamine silver for fungus detection according to the method of Sinha et al. (35) . Upon light microscopic examination, conidia and hyphae were counted on 10 different sections per lung mouse at a magnification of ϫ1,000. One hyphus was defined as a filamentous structure whose length was Ͼ10 m, including a branching structure which derived from a maternal hyphus. By contrast, transversal sections of hyphae as well as conidia were not included. Accordingly, the total count of 30 fields at a magnification of ϫ1,000 allowed us to compare the ability to develop germinative structures from conidia considered to be the pathogenic form of the fungus.
Measurement of chitin in lungs. Lungs and kidneys of mice were homogenized in 5 ml distilled water containing 0.05% Tween 20, frozen, and then lyophilized. The preparations were hydrolyzed in 1 ml HCl (8 N) and heated at 100°C for 4 h. Reaction was neutralized by the addition of 1 ml NaOH (8 N). Samples were centrifuged (1,500 ϫ g, 10 min, 20°C). Standards consisting of 200 l glucosamine (50 to 200 g/ml H 2 O) or 200 l of supernatant from each tissue preparation were added to 200 l buffer containing 25 volumes Na 2 CO 3 (1.5 M) and 1 volume acetylacetone (4%) heated at 100°C for 20 min and cooled in water. A total of 1.4 ml of ethanol 95% was added. A fresh solution of 4-(dimethylamino)-benzaldehyde (1.6 g in 60 ml HCl and 95% [vol/vol] ethanol) was made, and 200 l was added to each tube. Optical density was measured at 520 nm after 45 min. Chitin content was measured in glucosamine equivalents (14) .
Measurement of galactomannan in lungs and blood. Galactomannan antigen (34, 36) was detected by means of a commercially available kit. Serum samples were treated as recommended by the manufacturer. For the quantification of galactomannan in lung tissues, aliquots (300 l) of lung homogenates prepared for the chitin assay were centrifuged at 1,500 ϫ g for 10 min at 4°C and galactomannan concentration was evaluated in supernatants as for serum. The ratio of absorbance sample/absorbance threshold serum was calculated for each test point. Then, ratio values were converted in concentrations expressed in ng/ml by considering the ratio value of 1 as being a concentration of 1 ng/ml, as recommended by the manufacturer.
Statistical analysis. Survival data were analyzed by means of log-rank comparisons of Kaplan-Meier survival curves, followed by the Wilcoxon test using JMP 5.0 software (SAS, Cary, NC). Other results are expressed as means Ϯ standard errors of the means (SEM). Differences between the data were analyzed by Student's unpaired t test. A P value of Ͻ0.05 was considered significant.
RESULTS
Mortality following intratracheal administration of A. fumigatus conidia. We first analyzed the survival of immunocompetent and vinblastine-immunocompromised C57BL/6 mice upon intratracheal administration of conidia from A. fumigatus. Vinblastine treatment induced a sustained neutropenia (1, 20) which has for consequence a reduced innate host defense against the fungi (32) . Upon administration of 10 6 conidia, all vinblastine-treated mice survived. By contrast, when 10 Ϫ/Ϫ mice but not challenged with the fungus did not die.
Analysis of the TNF-␣, IL-12 and MIP-2␣ in BALF and of the in vitro TNF-␣ production by alveolar macrophages incubated with conidia. TNF-␣, IL-12, and MIP-2␣ concentrations were quantified in the BALF 24 h after the intratracheal administration of 3 ϫ 10 6 conidia or their vehicle. As shown in Fig. 2, A. fumigatus triggered the synthesis of the three tested mediators but the recovered concentrations were significantly reduced in TLR2 Ϫ/Ϫ compared to TLR2 ϩ/ϩ mice. Alveolar macrophages collected from either TLR2 Ϫ/Ϫ or TLR2 ϩ/ϩ naïve mice were incubated for 6 h in the presence or absence of swollen conidia at a 1/1 ratio. This resulted in the induction of TNF-␣ synthesis for both cell types. Nonetheless, this induction was significantly reduced for TLR2 Ϫ/Ϫ compared to TLR2 ϩ/ϩ macrophages (Fig. 3) . It is of note that whether alveolar macrophages were collected from naïve or vinblastine-treated mice, they did not differ in their capacity to produce TNF-␣ in response to conidia (data not shown).
Assessment of the basal respiratory function. Analysis of the basal respiratory function of infected mice showed a significant difference between the two groups as early as 6 h after conidium administration, with Penh values of 0.82 Ϯ 0.07 and 0.51 Ϯ 0.09 (n ϭ 4; P Ͻ 0.05) for TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ , respectively. These data indicated that the pulmonary infection by A. fumigatus triggers a significant respiratory distress only in the absence of TLR2, as Penh values for uninfected TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice were 0.60 Ϯ 0.06 (n ϭ 4) and 0.52 Ϯ 0.06 (n ϭ 4), respectively.
Analysis of the pathogen growth. No conidia or hyphae were observed upon microscopic examination in kidneys, liver, brain, or spleen either at 24 h or at 48 h after conidium administration. As expected, conidia and hyphae were present in lungs at 24 h but with no apparent difference between TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice. Analysis of the lungs from both TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice at 48 h (Fig. 4) showed diffuse and plurifocal lesions of bronchiolitis with segmental destruction of the bronchiolar wall and perivascular involvement. Some foci of necrosis were seen around the bronchi and the vessels in both groups, but the lesions of bronchiolitis and necrosis appeared to be more severe in infected TLR2 Ϫ/Ϫ mice
FIG. 1. Lethality induced by A. fumigatus conidia in TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ mice. Age-matched TLR2 Ϫ/Ϫ (n ϭ 22) and TLR2 ϩ/ϩ (n ϭ 24) male mice received 3 ϫ 10 6 conidia through the intratracheal route. Mortality was assessed daily for 10 days. Wilcoxon test for comparisons of Kaplan-Meier survival curves indicated a significant decrease in the survival of TLR2
Ϫ/Ϫ mice compared to that of TLR2 ϩ/ϩ mice (P ϭ 0.0005).
FIG. 2. TNF-␣, IL-12, and MIP-2␣ recovered from the BALF of A. fumigatus-infected TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ mice. Age-matched TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ male mice received 3 ϫ 10 6 conidia (A. fumigatus ϩ) or an equivalent volume of the conidium vehicle (A. fumigatus Ϫ) through the intratracheal route. After 24 h, BALF were collected and TNF-␣, IL-12, and MIP-2␣ were assayed in the cell-free supernatants. Results are expressed as the means Ϯ SEM obtained from three distinct animals. *, P Ͻ 0.05.
FIG. 3. TNF-␣ production by A. fumigatus-activated alveolar macrophages collected from TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ mice. Alveolar macrophages collected from TLR2 Ϫ/Ϫ (n ϭ 3) and TLR2 ϩ/ϩ (n ϭ 3) male mice were incubated or not (CONTROL) with an equivalent number of swollen conidia (A. fumigatus) for 6 h. Culture supernatants were then assayed for TNF-␣ concentrations. Results are expressed as means Ϯ SEM of three distinct experiments, each one performed with a pool of cells collected from three mice, allowing us to perform each point in triplicate. *, P Ͻ 0.05.
than in infected TLR2
ϩ/ϩ mice ( Fig. 4A to D ). There were a few infiltrates characterized by few or no polymorphonuclear cells; macrophages and lymphocytes were observed around the bronchi and the vessels. Silver staining (Gomori-Grocott procedure) revealed typical features of experimental IPA (Fig. 4E  and F) . It especially allowed us to observe that the fungal infection mainly colocalized with the necrotic areas by comparison of silver ( Fig. 4E and F) and hematoxylin-eosin ( Fig.  4A and B) stainings. A higher magnification of the silverstained sections (Fig. 4G and H) evidenced numerous hyphae within the parenchyma. Counting revealed a higher number of hyphae in TLR2 Ϫ/Ϫ than in TLR2 ϩ/ϩ mice, with values of 13.1 Ϯ 0.7 versus 10.8 Ϯ 0.6 per section (means Ϯ SEM of 30 sections from three mice; P Ͻ 0.05), respectively. To obtain another quantification of the invasive hyphal form of A. fumigatus, we evaluated the lung burden of chitin, a component of the hyphal wall that is absent from mammalian cells. Significant differences were observed at 24 and 48 h between the two groups of mice, with the highest values of chitin (in glucosamine equivalents) being found in infected TLR2 Ϫ/Ϫ mice (Fig. 5) . Moreover, the concentration of galactomannan, which is released by the growing fungus, was evaluated in lungs and blood at 24 and 48 h (Fig. 5) . Except for the blood at 24 h, higher significant concentrations were found in TLR2 Ϫ/Ϫ than in TLR2 ϩ/ϩ mice.
DISCUSSION
The present data demonstrate the participation of TLR2 to the host defense against the opportunistic fungus A. fumigatus. The strongest evidence is given by the survival difference between TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ mice upon induction of IPA. We also analyzed the production of TNF-␣ by TLR2 Ϫ/Ϫ mice. Indeed, TNF-␣ is one of the main cytokines produced by cells of the macrophage lineage after TLR2 activation (10, 39) and is a critical primary mediator in the initiation of pulmonary innate immunity in experimental pneumonia (12, 17) . Moreover, it is known that TNF-␣ production is crucial for the regulation of IPA, as its neutralization by specific blocking antibodies in an experimental murine model results in an increased mortality associated with an increased fungal burden (26) . This may be also relevant for the human pathology as two reports indicated that a clinical treatment with an anti-TNF-␣ antibody is associated with IPA (9, 44) . As a result, we observed that the lack of TLR2 apparently renders alveolar macrophages less responsive to A. fumigatus. Indeed, TNF-␣ production was reduced in TLR2 Ϫ/Ϫ compared to TLR2 ϩ/ϩ both ϩ/ϩ mouse with methenamine silver stain at a magnification of ϫ40; (F) TLR2
Ϫ/Ϫ mouse with methenamine silver stain at a magnification of ϫ40; (G) TLR2 ϩ/ϩ mouse with methenamine silver stain at a magnification of ϫ200; (H) TLR2
Ϫ/Ϫ mouse with methenamine silver stain at a magnification of ϫ200.
FIG. 5. Chitin and galactomannan content of lungs and/or serum from A. fumigatus-infected TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ mice. Agematched TLR2
Ϫ/Ϫ (n ϭ 4) and TLR2 ϩ/ϩ (n ϭ 4) male mice received 3 ϫ 10 6 conidia through the intratracheal route. After 24 and 48 h, lungs and blood were collected and chitin-derived glucosamine and/or galactomannan contents were assayed. Background glucosamine values obtained from the lungs of noninfected animals have been subtracted. Results are expressed as the means Ϯ SEM (n ϭ 4). Significant differences (*, P Ͻ 0.05) were observed between TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice for the three studied parameters and time points, except for galatomannan measured at 24 h in serum (NS, P Ͼ 0.05). Ϫ/Ϫ mice is almost absent, MyD88 being a critical adaptor molecule for the intracellular signal transduction induced by the TLR family (3, 16, 37, 40, 42) .
Nonetheless, activation of alveolar macrophages did not display an all-or-nothing pattern in that some TNF-␣ (i) was recovered from BALF of TLR2 Ϫ/Ϫ infected mice and (ii) was also produced in vitro by TLR2 Ϫ/Ϫ macrophages activated by conidia. The anticipated explanation is that in addition to TLR2, other TLR participate in the defense against A. fumigatus. Indeed, it is likely that different components of the microorganism are recognized by distinct receptors, most probably along with TLR2 and at least by TLR4. In a pioneering work, it has been shown that specific TLR4-blocking antibodies inhibit, although modestly, the release of TNF-␣ from human monocytes activated by hyphal fragments (43) . However, in another study, it has been demonstrated that conidia do not induce NF-B activation in TLR4-transfected HEK293 cells but that they do when cells are transfected with TLR2 (24) . In fair agreement with our findings, this latter study also showed that elicited peritoneal macrophages from TLR2 Ϫ/Ϫ compared to those of wild-type mice produce less TNF-␣ following A. fumigatus stimulation (24) . Interestingly, innate defense against A. fumigatus may involve a collaborative activation of TLR2 and dectin-1, a receptor for ␤-glucans which are carbohydrates expressed by A. fumigatus (19) . Indeed, TLR2 and dectin-1 are synergistic in mediating the production of cytokines such as TNF-␣ and IL-12 (6, 11) .
Regardless, different reports demonstrated the importance of both TLR2 and TLR4 at least in vitro using either murine peritoneal macrophages, bone-marrow-derived dendritic cells, TLR-transfected cells, or human blood mononuclear cells (5, 27, 28) . By contrast, our investigation is the first to our knowledge to clearly establish in vivo a role for TLR2 in an experimental murine model of IPA. It is of note, however, that during the course of our study, Bellocchio et al. (2) reported in vivo data showing that TLR4 Ϫ/Ϫ mice died sooner than TLR2 Ϫ/Ϫ mice that died like wild-type mice. Although there are no apparent explanations for the discrepancies concerning the role of TLR2 between this last study and the other abovementioned studies and our present work, Bellochio et al. (2) nonetheless showed a significantly higher infection of the lungs of TLR2 Ϫ/Ϫ mice than of the lungs of wild-type mice and an enhanced susceptibility of TLR2 Ϫ/Ϫ mice to a secondary challenge with A. fumigatus.
In conclusion, our study shows that TLR2 plays a significant role in a murine model of experimental IPA. It remains to establish the nature of the pathogen-associated molecular pattern(s) expressed by A. fumigatus that triggers the activation of the TLR2-associated signaling pathway leading to the induction of the innate immune response.
